Field observations, transplant experiments, and genetic studies have long been used in attempts to elucidate the mechanism of natural selection in the evolution of climatic races of plants. In the preceding paper (5) the possible contribution of physiological measurements to an understanding of the problem was discussed. It was found that the photosynthetic rates of 6 climatic races of Mimulus cardinalis respond differently to changes in temperature and light intensity. The differences in response appear to be related to the natural conditions prevailing in the diverse native habitats.
We proceeded then to test the ability of the same races to maintain a high rate of photosynthesis under constant favorable conditions during a 12-hour period. We are not aware of any other work in which the photosynthetic rate has been measured over an extended time at the temperature and light intensity that produce maximum photosynthesis. Such measurements not only have intrinsic physiological interest, but they also -offer another means to test for differences of response by climatic races.
Continuing the search for physiological responses that may characterize climatic races of Mimulus, we measured the effect of CO2 concentration on their photosynthetic rates for short and for extended times.
Materials and Methods
The experimental plants were duplicate clone members of the same climatic races of Mimulus In rate measurements over a range of CO2 concentrations the procedure differed from that used at one concentration. After setting the highest CO2 level to be used, the leaf chamber was closed and photosynthesis was allowed to proceed until CO, was reduced to the compensation point, usually 60 to 90 minutes. The continuous recorder trace permits com-putation of as many rates as desired within the CO2 range covered.
Experimental temperatures noted here and in the preceding paper (5) were read from a mercury thermometer in the leaf chamber. Recently Dr. David M. Gates kindly loaned us equipment to measure leaf temperature and velocity of air turbulence in the chamber. One thermocouple was placed in the air close to the thermometer bulb and another was placed in a leaf of the plant. Temperature and light intensity were changed as in the photosynthesis measurements. As soon as the thermometer reading became steady after an adjustment, the thermometer, the air thermocouple, and the leaf thermocouple indicated the same temperature within 1°. The fan inside the leaf chamber blows air past the leaves at 60 to 90 m/min. This air movement and the nearly saturated relative humidity in the closed leaf chamberanalyzer system combine to produce good agreement between air and leaf temperatures. In contrast, differences of several degrees between a Mimulus leaf and air temperature may be observed in the open (work to be published later).
Results
Continuous photosynthesis with 0.0425 % CO,.
All of the rate vs. time curves at this CO2 level have the same general shape. Early in the 12-hour period the rate rises smoothy for a few per cent to its maximum value. The maximum rate is reached in 0.5 to 5.5 hours by different clones and persists for less than 0.5 hour in most cases. After the maximum is passed the trend of the rate is downward for the remainder of the 12 hours.
The descending part of the curve is marked by occasional rate measurements that deviate several per cent above or below the general trend. The number and magnitude of the deviations vary from clone to clone. These random spikes impart a sawtooth appearance to the curve and mask its actual course. The effect of random variations is largely eliminated by an arbitrary arithmetic smoothing process. At each point X on the curve the rate is expressed as the mean of the rates at X -10, X -5, X, X + 5, and X + 10 minutes. After passing their maxima the smoothed curves show a series of descending waves with an amplitude of but a few per cent of the rate. Similar waves occur in duplicate runs, but not at the same places on the time scale.
Smoothed 12-hour rate curves were obtained for 2 clones of race 1, 3 clones each of races 2, 3, 5, and 6, and 5 clones of race 4. Comparison of the curves was facilitated by expressing the rates in each curve as percentages of the maximum rate in that curve. Mean curves were computed for the clones in each race. Since the curves for the clones reach 100 % at different times, the mean curve for a race has no 100 % point. Mean curves representing the races are shown in figure 1. Because the curves for races 2, 3, and 4 are very similar, only the curve for race 3 is shown. It is clear from figure 1 that the loss in rate after the maximum is passed is greater for races native to high elevations than for races originating near sea level.
Neither the starting rate nor the time required for the rate to reach its maximum is a satisfactory point for comparing curves of the 19 clones and the mean curves for the 6 races. These values vary widely among clones and races. The per cent maximum rate at the end of 12 hours shows less irregularity. A better index of the performance of clones and races is the extent to which the whole 12-hour curve deviates from a horizontal line.
If the 100 % rate were maintained for the entire period, the resulting horizontal line would represent the total possible CO2 uptake by the plant during 12 hours under the given conditions. The (5) is not found at high CO., concentrations. Differences between successive miieasurements begin to appear at about 0.050 % CO., an(l above 0.100 % the rate is unsteady. Fluctuations of 100 % in rate between consecutive nmeasurements are not uncommon at 0.150 % CO,. Nevertheless, we determined the course of the rate during 12 hours with 0.150 % CO2 for 1 clone each of races 1, 4, an(l 5.
The curves were smoothed by the arithmetic method mentioned above. The highly irregular rate with 0.150 % CO, is evident even after the smoothing. Figure 3 illustrates the effect of CO. concentration on the 12-hour rate curve. At 0.150 % CO., the rate drops rapidly with time in comparison with its slow decline with 0.0425 %. The maximum rate with 0.150 % CO2 is 2.3, 1.9, and 1.9 times that with 0.0425 % for the clones of races 1, 4, and 5 respectively. After 12 hours the rate with 0.150 % CO is only a little higher than with 0.0425 % for the clone of race 1, and no higher for the clones of races 4 andI 5. The effect of high CO2 on the rate of race 5 (not shown in fig 3) is of shorter duration than on races This finding suggests that 0.0425 % CO. may be too much for the best performance of the high-altitude race 5. Its 12-hour rate curve with 0.0425 % CO2 declines more with time than corresponding curves for races 1 and 4. To test this hypothesis the same clone of race 5 was treated as before, except that each rate measurement was started at 0.0300 % CO. The resulting curve is about as flat as the curves for clones of races 1 and 4 with 0.0425 % CO., Characteristics of the 12-hour rate curves at different CO2 concentrations are summarized in table I. The relative maximum rates are taken from the single clone curves included in the means of figure 2. Multiplication of the maximum rate by the performance index gives an arbitrary value that is proportional to the total CO, uptake in 12 hours. These uptake values are related in the table to the value at 0.0425 % CO2 as unity.
The data in this paper show that climatic races of Mimulus differ in their response to CO2 concentration during brief and prolonged periods of photosynthesis. Parallel with the increase in altitude of the native habitats we see a decrease in the stimulating effect of high CO2 on the rate and also on the total CO, uptake during 12 hours.
Discussion
Climatic races of M. cardinalis show different changes in photosynthetic rate at 0.0425 % CO. during 12 hours at the constant light intensity and temperature that produce the maximum rate. The flattest 12-hour rate curve (fig 1) is found for race 1, native at 45 m. Races 2, 3, and 4 from habitats at 240, 400, and 550 m have very similar curves, bending a little more from the horizontal than the curve for race 1. In figure 1 the curve for race 3 represents races 2 and 4 also. The curves for races 5 and 6, from 1220 and 2220 m, show progressively greater decreases of rate with time.
Racial differences between the 12-hour rate curves are much less pronounced than differences in the effect of temperature and light intensity (5) on the rates of the same races. The clones within some races differ much more in their 12-hour rate curves than they do in their light intensity or temperature response curves. For the reasons mentioned the 12-hour rate curve has a limited value for distinguishing between the physiological performance of some of the climatic races.
Thomas (11 ), Moss (7) and their co-workers measured diurnal photosynthetic rates for plots of crop plants. In their curves the change in photosynthetic rate follows closely the diurnal change in the intensity of sunlight. The changing light intensity and shading of the lower leaves permit a high photosynthetic rate only during midday hours. In our experiments each leaf is fully illuminated all the time and the rate remains high for 12 hours.
Mimulus plants accomplish a very large fraction of the calculated possible CO2 uptake during 12 hours of continuous photosynthesis with 0.0425 % CO2. The highest performance index found was 97.5 %. Thirteen of the 19 clones measured had indexes above 90 %. The lowest value found was 82 %.
The rate vs. CO2 curves for 9 clones from 5 races have 2 forms. Clones of races 1 and 2, native at the lowest altitudes, show a greater increase in rate with rising CO2 and a higher level for CO2 saturation of photosynthesis than clones of the other 3 races. The response of rate to CO2 separates the Mimulus races into groups but does not distinguish the races in a group.
Billings, Clebsch, and Mooney (1) found a different response in the photosynthetic rates of 2 altitudinal races of Oxyria below 0.02 % CO2.
The rates of 9 Mimulus clones become CO2 saturated between 0.110 and 0.150 %. CO2 saturation at about 0.110 % was found for wheat by Hoover, Johnston, and Brackett (3) and for several crop plants by Gaastra (2) .
The stimulating effect of high CO2 on the rate is transitory. In continuous photosynthesis with 0.150 % the rate falls rapidly in the first few hours. After 5 hours the rates of clones representing 3 races are only 0 to 50 % above the rates at 0.0425 % CO2 and in 12 hours the rates at the 2 CO2 levels become equal. This finding is germane to work (4, 7,9, 10, 11) relating CO2 enrichment of the atmosphere to the yield of crop or greenhouse plants. The reported increases in yield were much less relatively than the increases in atmospheric CO2. Assuming that other plants may behave like Mimulus, the data of figure 3 and Continuous photosynthesis with 0.150 % CO,, was measured for 1 clone each of the 45, 550, and 1220 m races. The initial rate is 2.3 to 1.9 times that with 0.0425 % CO2. The rate falls rapidly with time and before 12 hours is equal to the rate with 0.0425 % CO,. Total CO2 uptake in 12 hours is only 1.66 to 1. 1 5 times greater with 0.150 % than with 0.0425 % CO2. The stimulating effect of high CO2 on the rate diminishes with increasing elevation of the native habitats. A relation is noted between these findings and the work of others on enhancement of crop yielcls by CO2 fertilization.
